SPT6 is a conserved transcription regulator that is generally viewed as an elongation factor. 22
Introduction 33
It is well known that SPT6 is a transcription elongation factor, as evidenced by its physical 34 association with elongating RNAPII (Andrulis et al., 2000; Kaplan et al., 2000; Mayer et al., 2010) 35 and its ability to enhance elongation in vitro (Endoh et al., 2004) and in vivo (Ardehali et al., 36 2009 ). The Src homology 2 (SH2) domain of SPT6 recognizes and binds to phosphorylated 37 serine 2 and tyrosine 1 repeats within the C-terminal domain (CTD) of RNA polymerase II 38 (RNAPII), and to phosphorylated linker region preceding the CTD (Ardehali et al., 2009; Mayer 39 et al., 2010; Sdano et al., 2017; Sun et al., 2010) . Deletion or mutation of SH2 disrupts the 40 interaction of SPT6 and RNAPII (Dronamraju et al., 2018; Mayer et al., 2010; Yoh et al., 2007) 41 and significantly reduces the levels of SPT6 and RNAPII at transcribed regions of genes 42 (Dronamraju et al., 2018; Mayer et al., 2010) . Genetic and genomic studies in yeast have 43 indicated the role of SPT6 and other elongation factors in control of intragenic initiation (Cheung 44 et al., 2008; Hennig and Fischer, 2013; Kaplan et al., 2003) . Recently, it was found that SPT6 45 was involved in regulation of genic initiation and mutation of SPT6 caused the reduced 46 occupancy of TFIIB at genic promoters (Doris et al., 2018) . 47
In Arabidopsis, there are two versions of SPT6: SPT6 (AT1g63210) and SPT6-like (SPT6L) 48 (AT1g65440) (Gu et al., 2012) . The transcript of SPT6 was barely detectable in most of the 49 tissues (Antosz et al., 2017) and no visible phenotype was observed in spt6 mutants (Gu et al., 50 2012 ), suggesting that SPT6 may not play an essential role in transcription. SPT6L, however, 51 appears to be commonly expressed (Antosz et al., 2017) and mutations in it led to the formation 52 of aberrant apical-basal axis and embryonic lethality (Gu et al., 2012) . Furthermore, SPT6L can 53 be co-purified with RNAPII and other elongation factors (Antosz et al., 2017) . These findings 54 indicate its potential role in the regulation of transcription. 55
In this study, we examined the genome-wide occupancy profile of SPT6L and demonstrate its 56 functional conservation in transcription elongation. By analyzing the global association between 57 SPT6L and RNAPII, intriguingly, we found that the enrichment of SPT6L was shifted from the 58 transcribed regions to transcription start sites (TSS) in the absence of its association with 59 RNAPII. We further generated a series of domain deletions and showed that the HtH and YqgF 60 domains of SPT6L are required for its TSS enrichment and even the distribution along gene 61
bodies. Finally, we show that SPT6L was initially recruited at TSS and then spread to the gene 62 body during transcription. In sum, our findings reveal novel mechanisms underlying the 63 recruitment of SPT6L into the transcription machinery. 64
Results

65
SPT6L Co-occupies Genome-Wide with RNAPII over Highly Transcribed Genes 66
To gain insights into the functions of SPT6L in plants, we tagged the green fluorescent protein 67 (GFP) to SPT6L (SPT6L-GFP) and introduced it into a spt6l +/-(SALK_016621) heterozygous 68 background. The transgene can fully complement the defects of the spt6l mutant (referring to 69 spt6l -/homozygous mutant background hereafter) ( Figure 1A to 1C) and the GFP signals were 70 mainly detected in the nuclei ( Figure S1A ). Next, we profiled the genome-wide occupancy of 71 SPT6L by chromatin Immunoprecipitation-sequencing (ChIP-seq) and found that SPT6L was 72 mainly recruited to the transcribed regions of genes ( Figure 1D ). As SPT6 plays a key role in 73 transcription elongation in other species (Ardehali et al., 2009; Endoh et al., 2004; Kaplan et al., 74 2000; Sun et al., 2010; Yoh et al., 2007) , we examined the association of SPT6L with 75 transcription in plants. First, we compared our SPT6L ChIP-seq data with published profiles of 76 histone marks (Chen et al., 2017; Luo et al., 2013) and found that SPT6L binding genes were all 77 marked with active histone modifications, but not the repressive ones ( Figure S1B ). Second, we 78 profiled RNAPII occupancy in wild-type (WT) and spt6l mutants by ChIP-seq and compared with 79 the SPT6L data. The ChIP-seq reads of SPT6L and RNAPII were highly correlated genome-80 wide ( Figure 1E ) and the occupancy of RNAPII was dramatically decreased in spt6l ( Figure 1F ). 81
Third, the binding intensity of SPT6L is positively correlated with transcript levels ( Figure 1G ). 82
These data indicate that Arabidopsis SPT6L likely plays similar roles in transcription as its 83 homologs in other species. 84
SPT6L Enriched at transcription start sites in the Absence of Its Association with RNAPII 85
In yeast, SPT6 interacts with both the phosphorylated C-terminal domain (CTD) of RNAPII and 86 the phosphorylated linker region preceding the CTD via its SH2 domain (Ardehali et al., 2009; 87 Sdano et al., 2017; Sun et al., 2010) . Disassociation of SPT6 and RNAPII caused by the 88 deletion of the SH2 domain significantly reduced the level of SPT6 and RNAPII occupancy 89 along genes (Dronamraju et al., 2018; Mayer et al., 2010) , but low levels of truncated SPT6 can 90 still be detected at the transcribed regions of genes (Dronamraju et al., 2018; Mayer et al., 91 2010 ), suggesting the existence of RNAPII independent mechanism for SPT6 recruitment. To 92 examine whether plant SPT6L also can be recruited to genes in an SH2 independent manner, 93
we made an SH2 deleted version of SPT6L tagged with GFP (SPT6LΔSH2-GFP) and 94 introduced it into spt6l +/-( Figure S2A ). Due to the lack of antibodies that can recognize the 95 phosphorylated linker region of RNAPII, we chose to use the phosphorylated serine 2 of CTD 96 (RNAPIIS2P) as an indicator of the active form of RNAPII. We then performed co-97 immunoprecipitation (Co-IP) experiments with the transgenic line and found that the deletion of 98 SH2 indeed impaired the interaction between SPT6L and RNAPIIS2P ( Figure 2A ). Intriguingly, 99 unlike the severely defected spt6l mutants ( Figure 2B to 2D), the spt6l SPT6LΔSH2-GFP 100 seedlings can grow bigger and develop small true leaves (Figure 2E to 2G). In line with the 101 morphological phenotype, the introduction of SPT6LΔSH2 also partially rescued the genome-102 wide occupancy of RNAPII ( Figure 2H and 2J). These findings indicate that SPT6LΔSH2 still 103 retains some capacity in facilitating RNAPII transcription. 104
We next asked whether the truncated SPT6L can still be recruited to chromatin. To answer that 105 question, we profiled the genome-wide occupancy of SPT6LΔSH2 in spt6l mutants. In contrast 106 to the occupancy pattern observed for the full-length SPT6L that spread over the entire 107 transcribed regions of genes, unexpectedly, the signals of SPT6LΔSH2 were found to be 108 enriched at the transcription start sites (TSS) ( Figure 2H and 2J). This binding pattern is 109 different from the observed occupancy of SPT6ΔSH2 in yeast, where truncated SPT6 can still 110 weakly spread all-over the transcribed regions (Dronamraju et al., 2018; Mayer et al., 2010; 111 Sdano et al., 2017) . Given the morphologic differences between the spt6l SPT6LΔSH2 and WT 112 seedlings, one can argue that the unexpected TSS enrichment of SPT6LΔSH2 might be caused 113 by altered cell size and/or chromatin structure. To rule out this possibility, we performed a ChIP-114 seq analysis of SPT6LΔSH2 in spt6l +/and the same pattern was detected again ( Figure S2B) . 115
As the TSS enrichment of SPT6LΔSH2 was not detected for full-length SPT6L, one can also 116 argue that the enrichment pattern of the truncated SPT6L might result from certain protein 117 structural changes. To assess this possibility, we sought to disrupt the interaction between SPT6L and RNAPII by inhibiting the phosphorylation of RNAPII CTD with flavopiridol (FP), 119 which can block the kinase activity of positive transcription elongation factor b (P-TEFb) (Chao 120 and Price, 2001) . We First confirmed the FP inhibition of the phosphorylation of RNAPII CTD 121 and its subsequent effects on plant growth ( Figure S2C and S2D). Then, we profiled the 122 genome-wide occupancy of SPT6L after FP treatment, and found dramatically decreased 123 signals over the transcribed regions and concomitant moderate enrichment at TSS ( Figure 2H ). 124
This pharmacological study complements our genetic work and together they strongly suggest 125 that SPT6L can be targeted to TSS in the absence of its interaction with RNAPII. 126
The unexpected TSS enrichment of SPT6L drew our attention to its potential effects on RNAPII 127 occupancy around TSS. As the levels of RNAPII around TSS are determined by the equilibrium 128 between its entry and release, we thought that it would be better to take RNAPII pausing at 129 promoter-proximal regions into account. Therefore, we calculated the pausing index (PI) 130 according to a published formula (Gilchrist et al., 2010) and divided RNAPII binding genes into 131 four groups according to their PI values. By plotting RNAPII signals around TSS in WT and spt6l, 132
we found that mutation of SPT6L led to decreased RNAPII occupancy levels around TSS in all 133 PI groups ( Figure 2J ), pointing to a role for SPT6L in early transcription stage. Importantly, the 134 introduction of SPT6LΔSH2 can partially or even completely rescue the RNAPII occupancy 135 around TSS in higher PI groups ( Figure 2J ). In addition, the SPT6LΔSH2 ChIP signals in all the 136 PI groups peaked immediately upstream of TSS, which were followed by RNAPII signals (Figure  137 2J), suggesting a possible scenario that the presence of SPT6LΔSH2 may help the entry of 138 RNAPII during transcription initiation. 139
The HtH and YqgF Domains Are Required for the TSS Association 140
We next tried to determine which domain(s) of SPT6L is required for its TSS enrichment. 141
Arabidopsis SPT6L contains all the five conserved SPT6 domains plus the plant-specific the spt6l phenotype and show clear enrichment around TSS, we generated five "double-deletion" 144 constructs by deleting each of the five other domains individually on top of the SH2 deletion and 145 introduced them into spt6l +/-( Figure 3A ). All the five versions of truncated SPT6L were localized 146 in the nuclei, as evidenced by the GFP signals in the transgenic root tips ( Figure S3A ). Further 147 deletion of either the HtH or YqgF domain can compromise the function of SPT6LΔSH2 as 148
shown by the severe phenotype of these transgenic plants (similar to spt6l), while the other 149 three double-deletion mutants remain the same as the SPT6LΔSH2 single mutant ( Figure 3B to 150 3G). This observation suggests that these two domains may be required for the TSS enrichment 151 of SPT6LΔSH2. In addition, we also examined the protein levels of the mutants and saw 152 comparable levels of the truncated SPT6Ls ( Figure 3H ), indicating that the compromised 153 phenotype was not due to altered protein levels. Finally, we performed ChIP-seq experiments 154 with the SPT6LΔSH2ΔHtH and SPT6LΔSH2ΔYqgF plants and found that signals around TSS 155 were dramatically reduced in SPT6LΔSH2ΔHtH and undetectable in SPT6LΔSH2ΔYqgF (Figure  156 3I). This result suggests that the HtH and YqgF domains are required for the TSS enrichment of 157
SPT6LΔSH2. 158
The HtH and YqgF Domains Are Indispensable for the Distribution of SPT6L Along Genes 159
We next asked whether the HtH and YqgF domains also contribute to the distribution of SPT6L 160 along transcribed regions. Two new constructs with single deletion of either the HtH or YqgF 161 domain were generated and introduced into spt6l +/plants. The phenotype of the transgenic 162 seedlings indicates that both the single deletion mutants failed to rescue the spt6l mutant 163 phenotype ( Figure 4A to 4D), which suggests the critical role of HtH and YqgF in maintaining 164 the normal function of SPT6L. To find out how the deletions affect the function of SPT6L in 165 transcription, we first tested whether these two mutant proteins can still interact with RNAPII by 166 performing a Co-IP experiment. As shown in Figure 4SA , they can still interact with RNAPIIS2P, 167 but at a markedly reduced level. We then performed a ChIP-seq analysis to examine their 168 association with chromatin and found that the two versions of truncated SPT6L, although can 169 still weakly associate with RNAPIIS2P, were no longer enriched over gene bodies ( Figure 4E ). 170
These results indicate that the YqgF and HtH domains are also required for the distribution of 171 SPT6L along genes. 172
We next took a genetic approach to examine the functional linkage between the SH2 and 173
HtH/YqgF domains. We reasoned that the spt6l phenotype would be rescued in the co-presence 174 of SPT6LΔSH2 and SPT6LΔHtH/SPT6LΔYqgF if the functions of SH2 and HtH/YqgF could be 175 genetically separated. Toward that end, we crossed spt6l +/-SPT6LΔSH2 +/+ with either spt6l +/-176 SPT6LΔHtH +/+ or spt6l +/-SPT6LΔYqgF +/+ and examined the phenotypes of the F1 progenies. 177 The TSS recruitment of SPT6L precedes its spread over gene bodies 182
Our genetic and molecular evidence presented above imply that the TSS recruitment of SPT6L 183 may occur prior to its spreading over the gene bodies. To test this hypothesis, we monitored the 184 recruitment of SPT6L and RNAPII at HEAT SHOCK PROTEIN 70 (HSP70, At3g12580) after 185 heat shock (HS) treatment. HSP70 is a target of SPT6L ( Figure S4E ) and, as previously 186 reported, its transcription is maintained at a relatively low level at 17 ֯ C and dramatically 187 upregulated when temperature elevated to 27 ֯ C within 1 hour (Kumar and Wigge, 2010). These 188 features make it a perfect model for investigating the fine dynamics of SPT6L and RNAPII after 189 HS. To optimize the HS condition, we first examined the transcript levels of HSP70 after HS at 190 5-minute intervals throughout an hour. Although the level of HSP70 transcript kept going up throughout the course of the HS treatment, a dramatic change occurred within the first 15 192 minutes (min) in terms of the increase rate ( Figure S4F ). Thus, we assessed the occupancy of 193 SPT6L, RNAPII, and RNAPIIS2P at HSP70 within the first 15 min after HS. As shown in Figure  194 4F, strong signals of SPT6L were detected downstream of TSS after 7.5 min HS, which is 195 accompanied by the increased signals of RNAPII and RNAPIIS2P at the same sites. After 12.5 196 min HS, interestingly, we saw further increase in occupancy levels of SPT6L and RNAPIIS2P, 197 but not RNAPII, over the gene body ( Figure 4F upper panel) , which is consistent with the 198 established role of RNAP II phosphorylation in SPT6L recruitment during elongation. The fact 199 that the level of HSP70 transcript was increased about 2 fold within the first 5 min after HS 200 ( Figure S4F ) suggested that the first wave of transcription (after HS) had occurred within that 201 short period of time. Therefore, we re-plotted the ChIP signals of SPT6L, RNAPII, and 202 RNAPIIS2P for the first 5 min after HS. As shown in Figure 4F (middle panel) , the SPT6L 203 signals first peaked at TSS after 5 min HS, while both RNAPII and RNAPIIS2P peaked 204 downstream of TSS. This observation suggests that SPT6L was first recruited to TSS and the 205 recruitment was independent of RNAPII in the first wave of transcription at HSP70 after HS. 206
Discussion 207
Although SPT6 has been extensively studied for its role in transcription elongation, the detailed 208 steps of its recruitment into the transcription machinery have not been elucidated. In this study, 209
we first profiled the genome-wide occupancy of SPT6L and confirmed its conserved function in 210 transcription elongation in plants. Further, we show that SPT6L can bind to transcribing genes 211 at initiation/early elongation regions in an RNAPII independent manner and this binding is 212 indispensable for the loading of SPT6L into the transcription machinery and distribution along 213 gene bodies. Our findings thus have refined the mechanism of SPT6 recruitment and shed light 214 on the roles of SPT6 in transcription initiation.
It has long been observed in yeast that SPT6 plays a role in maintaining the chromatin structure 216 (Ivanovska et al., 2011) and repressing intragenic initiation (Hennig and Fischer, 2013; Kaplan 217 et al., 2003) . More recently, during the preparation of this manuscript, a new study further 218 confirmed the role of SPT6 in the repression of intragenic initiation on a genome scale and 219 found reduced genic initiation after knocking out Spt6 in yeast (Doris et al., 2018) . However, it is 220 less clear how Spt6 achieves its roles at initiation sites. Our observation that the TSS 221 enrichment of SPT6LΔSH2 can partially recover the occupancy level of RNAPII in a spt6l 222 background ( Figure 2H and 2J) point to a role for SPT6 in helping the entry of RNAPII during 223 transcription. Therefore, our result is complementary to the findings in yeast and provides new 224 evidence in support of the role of SPT6 in transcription initiation. 225
While the recognition between the SH2 domain of SPT6 and the phosphorylated linker region of 226
RNAPII is known to be critical for the recruitment SPT6 over gene body (Sdano et al., 2017) , 227 emerging evidence have implied the existence of RNAPII independent recruitment of SPT6 228 (Adelman et al., 2006; Dronamraju et al., 2018; Mayer et al., 2010; Zhang et al., 2008a) . Our 229 work, by integrating genetic and molecular evidence, revealed the RNAPII independent 230 recruitment of SPT6L around TSS region in plants and demonstrate that this recruitment 231 precedes its spreading over the gene body ( Figure 4E and 4F ). This finding helps to refine the 232 current model of SPT6 recruitment during transcription. Future work on the identification of 233 recruiters of SPT6L at TSS will certainly provide new insight into how SPT6L is involved in 234 transcription initiation and how initiation and elongation are coordinated to ensure a productive 235 transcription. 236
Method 237
Plant Material and Growth Conditions 238
The spt6l heterozygous seeds (SALK_016621) were described previously (Gu et al., 2012) final concentration of 100, 10, or 10 µM to the media, respectively. For heat shock treatment, 245 seeds were germinated and grown on ½ MS plates for 7 days at 23°C and the plates were then 246 moved to 17°C. After 3 days in 17°C, seedlings were subjected to heat shock treatment at 27°C 247 with different duration. Primers used for genotyping are listed in Supplementary Table 1 . 248
Plasmid Construction for Plant Transformation 249
Due to the repetitive nature of the 3' end sequence of SPT6L, we combined PCR amplification 250 and direct DNA synthesis approaches to clone the full-length SPT6L genomic region and its 2 251 kb upstream regulatory sequence. Specifically, part1 (from -2009bp to +6594bp; -and + are 252 relative to ATG) and part2 (from +5247bp to +8443bp) were first PCR-amplified from genomic 253 DNA and cloned into the Gateway entry vector pDONR221 (Invitrogen) by BP reactions. Part3 254 (from +6889bp to +7380bp, including the repetitive sequence) was synthesized by GenScript 255 (www.genscript.com) and then also inserted into pDONR221. Finally, the entire sequence was 256 assembled by sequential digestions and ligations, first part2-part3 (AvrII and PvuI) and then 257 part2-3-part1 (XhoI and PvuI), and cloned into pDONR221 (ProSPT6L:SPT6L-pDONR221). 258
Finally, an LR reaction was performed with the destination vector pMDC107 (Curtis and 259 Grossniklaus, 2003) to generate the fusion construct with GFP (ProSPT6L:SPT6L-GFP). All the 260 domain deletion mutants were generated based on the ProSPT6L:SPT6L-pDONR221 construct. 261
Primers used are listed in Table S1 . 262
Analysis of transcript levels
Total RNA extraction, cDNA synthesis, and real-time qPCR were performed as previously 264 described (Chen et al., 2017) . Primers used are listed in Table S1 . The WT RNA-seq data were 265 obtained from our previous work (Chen et al., 2017) . Transcripts were grouped into eight 266 subgroups, from high to low, based on their FPKM values (after conversion to logarithm value 267 (log10)). Finally, the SPT6L ChIP signals were plotted for each of the gene groups separately. 268
Co-immunoprecipitation and immunoblot 269
Seventy-five milligram of 10 day-old seedlings grown on ½ MS medium were homogenized to 270 fine powder in mixer mills and dissolved in 300 µL lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM 271 NaCl, 2.5 mM EDTA, 1 mM DTT, 0.5% TritonX-100, 0.1 mM PMSF, and Protease inhibitor) for 272 20 minutes at 4°C. Supernatants were collected after centrifuging at x14,000g, 4°C for 10 273 minutes. For western blot, the supernatants were directly loaded into SDS-PAGE gel. For co-IP, 274 20 µL anti-GFP µMACS micro-beads (Manufacturer info here) were added into the supernatants 275 and gently shaken at 4°C for 1h. Following the protocol of µMACS GFP isolation kit (130-091-276 125, MACS), interacting proteins were eluted and loaded into SDS-PAGE gel. Other antibodies 277 used were listed as follows: anti-GFP (ab290, Abcam, lot: GR240324), anti-RNAPII (ab817, 278
Abcam, lot:GR313984), anti-RNAPIISer2P (ab5095, Abcam, lot:GR309257), and anti-Actin 279 (AS13 2640, Agrisera). 280
Chromatin immunoprecipitation (ChIP) 281
ChIP was performed as previously described (Chen et al., 2017) with some modifications. Five 282 grams of 10-day-old Arabidopsis seedlings (one gram for spt6l and spt6l SPT6LΔSH2-GFP 283 seedlings) grown on ½ MS medium were collected. Protein A Dynabeads (Invitrogen) was pre-284 incubated with the antibody (5 µL for 50 µL beads) at 4 ֯ C in a rotor for at least 6h. After 285 removing excess or unbound antibodies, the pre-cleaned chromatins (cleaned by incubating 286 with Dynabeads alone) were added into antibody bound Dynabeads. To minimize the variations generated from sonication, the same chromatin was equally divided into 2 or 4 tubes and then 288 subjected to different antibodies (2 for anti-GFP and anti-RNAPII in ChIP-seq; 4 for anti-GFP, 289
anti-RNAPII, anti-RNAPIIS2P, and anti-IgG in ChIP-qPCR). ChIP libraries were prepared using 290 the NEBNext® Ultra™ DNA Library Prep Kit (E7370S) following the manufacturer's instructions 291 and used for Illumina single-end sequencing. Primers used for ChIP-qPCR are listed in Table  292 S1. 293
ChIP-seq data analysis 294
The sequenced reads were aligned to the TAIR10 assembly using the Bowtie2 program 295 (Langmead and Salzberg, 2012) with default settings. After removing unmapped reads and 296 PCR duplicates, peaks were called by using the MACS2 program (Zhang et al., 2008b) with the 297 following setting (-g 135000000, -broad, and -broad-cutoff 0.01). Only the highly reproducible 298 peaks across two biological replicates (IDR ≤ 0.01) were kept. Common genes were identified 299 by using PeakAnalyzer (Salmon-Divon et al., 2010) . Coverage files (BigWig files) for all the 300 samples were converted from bam files by using bamCoverage (from deeptools2) (Ramirez et 301 al., 2016) with the following settings (-bs 10 --effectiveGenomeSize 135000000 --302 normalizeUsing RPGC --ignoreDuplicates -e 300 --samFlagExclude 1796). Heatmaps and 303 mean density plots were generated with deeptools2 (settings indicated in Figure legends) . 304
Visualization of coverage files was carried out with a web-based genome browser (ENPG, 305 www.plantseq.org). The genome-wide occupancies of histone methylation and acetylation were 306 obtained from published ChIP-seq datasets (Chen et al., 2017; Luo et al., 2013) . 307
Data availability 308
The data that support the findings of this study are available from the corresponding author 309 upon request. The ChIP-seq data have been deposited in Gene Expression Omnibus with the 310 accession code GSE108673. 311
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